Objective To estimate the potential population impact of different screening strategies for identifying and treating people at high risk of cardiovascular disease, including strategies using routine data for cardiovascular risk stratification, in light of the UK government's recommended national strategy to screen all adults aged 40-74 for cardiovascular risk.
INTRODUCTION
Primary prevention strategies have contributed to a major decline in the incidence of cardiovascular disease since the 1990s. 1 However, cardiovascular disease remains the leading cause of morbidity and mortality in the United Kingdom. 2 It is estimated to cost the UK economy £30bn (€34bn; $46bn) annually, about half of which is due to direct healthcare costs. 3 In an attempt to reduce the burden of cardiovascular disease further, the Department of Health has introduced a national vascular risk screening programme to identify those at high risk of cardiovascular disease. 4 5 All adults aged 40-74 and free of diabetes and cardiovascular disease and not being treated for hypertension who have never been identified by self assessment or record based screening will be invited to their surgery to attend a health check, including blood pressure measurement, blood tests, and cardiovascular risk assessment before the consideration of interventions appropriate to the level of risk. 5 It is estimated that the programme has the potential to prevent 9500 myocardial infarctions and strokes each year at an estimated annual cost of £250m. 4 These figures are, however, largely based on modelling studies using cross sectional data, with several key assumptions. 6 7 The costs and benefits associated with mass screening for cardiovascular disease are unknown. 8 9 An alternative approach to inviting all eligible adults for vascular risk screening might be to prestratify people using routine data before inviting those at high risk to attend for the more invasive and expensive vascular risk assessment. This may reduce the number of people required to attend their surgery as well as the cost of the screening programme. This stepwise approach may also reduce the potential psychological harms, such as anxiety and false reassurance, that have been associated with screening tests. 10 Simple risk scores using routine data have been shown to predict cardiovascular disease 11 12 and all cause mortality.
Whether this stepwise approach for risk stratification might have a similar impact on the prevention of new cases of cardiovascular disease compared with the recommended strategy is unknown. Population impact measures can be used to estimate the effect of preventive strategies and interventions on health outcomes at the population level 14 and are therefore useful for informing public health decision making. Using data from a population based prospective UK cohort, we modelled different screening strategies to identify those at high risk of cardiovascular disease and we examined the potential population impact of each strategy by calculating the population attributable fraction, the number needed to screen to prevent one new case of cardiovascular disease, the number needed to treat with lifestyle or drug interventions to prevent one new case of cardiovascular disease, and the number of new cardiovascular events that could be prevented.
METHODS
The European Prospective Investigation of CancerNorfolk (EPIC-Norfolk) is a population based prospective study of men and women aged 40-79 residing in the county of Norfolk, United Kingdom. Details of the study have been described elsewhere. 15 Briefly, between 1993 and 1997, 77 630 adults were invited from general practice to participate in the study. Of these, 25 639 (33.0%) consented and attended a baseline health assessment. Participants completed questionnaires about their personal and family history of disease, drug use, and lifestyle, including smoking. Participants were also asked whether a doctor had ever told them that they had any of the conditions in a list that included diabetes, myocardial infarction ("heart attack"), and stroke. Self reported physical activity was measured using the European Prospective Investigation of Cancer physical activity questions, 16 which includes questions on both occupational and recreational physical activity as well as time spent in each activity. It has been validated against objectively measured physical activity. 16 Dietary behaviour was measured using a seven item questionnaire on consumption of vegetables and fruits. 17 Self reported consumption of these foods has been associated with cardiovascular risk both in the EPIC-Norfolk cohort 18 and in other similar longitudinal studies. 19 20 Anthropometric and blood pressure measurements and non-fasting blood samples were also taken at the health assessment.
People living in the Norfolk area are healthier than the general UK population, with a standardised mortality ratio of 93. 21 However, EPIC-Norfolk is similar to a nationally representative sample for anthropometric indices, blood pressure measurements, and serum lipid levels. 15 We followed up participants who were free from cardiovascular disease and diabetes at the time of recruitment, for the development of a first cardiovascular event or death. We report results for follow-up to 30 April 2007, a median of 10 years. Incident cardiovascular disease was defined as a composite of fatal or non-fatal cardiovascular disease, including admission to hospital for coronary heart disease or stroke, or death from coronary heart disease, stroke, or peripheral vascular disease. We used the participants' National Health Service number to determine their hospital stay through the East Norfolk Health Authority database, which records all hospital contacts throughout England and Wales for Norfolk residents. Vital status for all EPICNorfolk participants was obtained through death certification at the Office for National Statistics. Previous validation studies in this cohort indicated high specificity of such case ascertainment. 22 
Statistical analysis
We summarised the baseline characteristics separately for men and women with and without cardiovascular disease, using percentages for categorical data, means for normally distributed data, and medians for nonnormally distributed data. We tested for differences between groups using χ 2 tests for categorical variables and t tests or Kruskal-Wallis tests for normally or nonnormally distributed continuous variables. To calculate cardiovascular event rates we divided the number of such events by person years of follow-up. Follow-up was defined as the period from the date of first health assessment to the date of the first event (admission to hospital or death), or 30 April 2007.
Modelling screening strategies
In keeping with guidelines proposed by the national screening committee, we limited our analyses to people aged 40-74 (779 people excluded) and excluded those with a history of cardiovascular disease (n=1015), with prevalent diabetes (n=704), and taking lipid lowering drugs (n=241) or antihypertensive drugs, including diuretics (n=3488). We tested the ability of screening strategies incorporating different risk scores to identify those at high risk of cardiovascular disease-the Framingham risk score, 11 the Cambridge diabetes risk score, 23 and the Finnish diabetes risk score. 24 We used the Cambridge risk score solely as an example of a risk score using data routinely available in general practice records, and the Finnish diabetes risk score as an example of a participant completed questionnaire (recommended by the Department of Health as a first step for identifying people at high risk, who will be offered testing for fasting blood glucose). People with missing values for one or more of the variables used to calculate these scores were also excluded (n=2442), leaving 16 970 people for analysis.
The Framingham risk score was derived using the modified Framingham risk functions, recently updated by D'Agostino et al. 11 The Cambridge risk score, a tool developed in a British population to identify people at risk of undiagnosed diabetes, 23 was derived using data on age, sex, smoking, family history of diabetes, body mass index, and prescribed steroids and antihypertensive drugs, variables that are routinely available in primary care. We previously showed that this score was effective at identifying people with diabetes who have a raised and potentially modifiable risk of coronary heart disease, 25 and at predicting all cause mortality. 13 The Finnish diabetes risk score questionnaire is a simple tool, developed in a Finnish cohort, and includes age; self reported use of antihypertensive drugs; history of high blood glucose levels; physical activity of at least four hours a week; daily consumption of vegetables, fruits, and berries; and self reported body mass index and waist circumference. 24 It has been shown to predict incident coronary heart disease, stroke, and total mortality in a Finnish population. 12 The Department of Health plans to incorporate this risk score in the vascular screening programme to identify people who need further testing of blood glucose levels. 4 We assumed that the response rate to the self administered Finnish diabetes risk score questionnaire was 60%. We used a simple ordered index of overall physical activity derived from the baseline European Prospective Investigation of Cancer physical activity questions, 16 which is associated with incident cardiovascular disease and all cause mortality in the EPICNorfolk cohort. 26 We used a simple seven item question about consumption of vegetables and fruits to examine whether participants in the cohort consumed vegetables, fruit, or berries daily. As data on history of high blood glucose levels were not available in EPICNorfolk, we decided to exclude this variable in the calculation of the Finnish diabetes risk score. We carried out a sensitivity analysis for different response rates to the Finnish diabetes risk score questionnaire (40% and 80%) and for its extreme cut-off points of 12 and 7, assuming, respectively, that nobody had a history of hyperglycaemia and that everyone had a history of hyperglycaemia. We also carried out a sensitivity analysis to examine whether the population impact of the strategies incorporating routine data (Cambridge risk score) might change after excluding family history of diabetes, smoking, or body mass index from the score.
We modelled seven different stepwise population based strategies to screen for cardiovascular disease (figure). Cambridge risk score using data from their electronic general practice records; those in the top 20%, 40%, and 60% of the risk distribution would be invited
Stage 2
It was assumed that 75% of people invited would attend a vascular risk assessment, 6 which would include medical history taking, a physical examination, and blood tests, as recommended by the national screening committee. These measurements would then be used to calculate a Framingham risk score for each participant. The national screening committee recommends that these people would then be stratified into high and low risk groups according to their Framingham risk score (high risk: Framingham risk score ≥0.20), whether they were obese, hypertensive, or current smokers. People would receive interventions appropriate to their risk level, based on the assumptions of uptake, adherence, and relative risk reduction, as outlined in a recent report from the Department of Health's vascular team 6 (table 1) . For example, someone who was obese, hypertensive, and had a Framingham risk score ≥0.20 would be offered a weight management programme and treatment with antihypertensives and statins.
For each screening strategy we estimated the cumulative incidence rate of cardiovascular disease, the sensitivity or specificity, the area under the receiver operating characteristic curve for the prediction of cardiovascular disease, the population attributable fraction, the number needed to screen to prevent one new case of cardiovascular disease, the number needed to treat to prevent one new case of cardiovascular disease, and the number of cardiovascular events that could be prevented in the population. 31 32 Sensitivity is the proportion of those who developed cardiovascular disease who were correctly identified as "high risk" by each screening strategy (combination of prestratification and then the second step risk assessment). Specificity refers to the proportion of the population that did not experience a cardiovascular event who were correctly identified as "low risk" by each strategy. The area under the receiver operating characteristic curve represents the ability of each screening strategy to discriminate between those who did and those who did not develop a cardiovascular event, with a higher value suggesting better discriminatory ability. The population attributable fraction quantifies the contribution of each screening strategy to the prevention of cardiovascular disease-that is, it represents the additional proportion of cardiovascular events that could be prevented in the population if a screening strategy was implemented, compared with no screening strategy. After adults were stratified into groups according to their level of cardiovascular risk, we applied uptake and compliance rates and relative risk reduction for each prevention intervention to calculate the number of cardiovascular events that could be prevented in each group (box). The number of cardiovascular events that could be prevented in the population is the sum of the number of cardiovascular events that could be prevented in all the groups.
We also modelled the population impact for situations where 65% and 85% of those invited would attend a vascular risk assessment. For demonstrative purposes, we also calculated the number of cardiovascular events that could be prevented in the population for an average primary care trust with a catchment area including 136 900 people aged 40-74 and for the UK population, using population estimates for mid-2007. 33 For the purpose of modelling the population impact of different cardiovascular disease screening strategies and interventions, we made several assumptions (box). Owing to uncertainty concerning the interaction between multiple interventions, we also did a sensitivity analysis for the situation where there was no 27 †From NICE guidelines CG18 and CG34. 28 ‡From NICE guideline TA94. 29 §From clinical trial of weight reducing diet and exercise. 30 Assumptions for modelling population impact of different population based screening strategies for cardiovascular disease and primary prevention interventions Everyone invited to a vascular assessment has an equal attendance rate (response rate 75%) 6 Risk of cardiovascular mortality is considered to be equal in those who do and those who do not attend for screening
Nobody is receiving any intervention at baseline
If someone takes up two or more interventions, the relative risk will be multiplicative. Therefore, combined relative risk can be calculated 6 : cardiovascular disease risk (new) =cardiovascular disease risk (prior) ×(1−relative risk reduction) int_1 ×(1−relative risk reduction) int_2 ×...×(1−relative risk reduction) int_n Screening and interventions are assumed to occur only once Adults who do not complete the intervention are assumed to have a cardiovascular risk similar to those who never received an intervention All lifestyle and drug interventions are independent of each other, so the rate of taking up and adhering to one intervention does not have an effect on uptake and adherence to another intervention 6 7 According to the previous assumptions, the number of cardiovascular events that could be prevented in the population can be calculated 31 32 : number of cardiovascular events that could be prevented in the population=N×cardiovascular disease rate (prior) 
where N=number of people eligible for receiving multiple intervention; cardiovascular disease rate (prior) =background cardiovascular disease rate without intervention; pt=proportion of people taking up intervention (uptake rate); pa=proportion of people adhering to intervention (compliance); int_1=intervention 1; int_n=intervention n Lower and upper estimates of the number of cardiovascular events that could be prevented in the population are calculated by applying point estimates of pt, pa, and relative risk reduction to cardiovascular disease rate, with 95% confidence interval additive effect between interventions-that is, the relative risk reduction for multiple interventions was equal to that of the single intervention with the largest risk reduction. Table 3 shows for each strategy the number of people who would need to be invited to a vascular risk assessment, the risk of cardiovascular disease, the sensitivity and specificity, and the predictive ability. If adults aged 50 or more were invited to a vascular risk assessment (strategy 2), three quarters of the total population aged 40-74 would receive invitations. About half the population would need inviting for risk assessment if body mass index and waist circumference cut-off points were used for risk prestratification (strategy 3) and only 37% for the strategy using a participant completed questionnaire-Finnish diabetes risk score cut-off point of ≥9 (strategy 4). The strategies of inviting people aged 50-74 and using routine data (60% Cambridge risk score) were the most effective at identifying those who developed a first cardiovascular event. Both strategies identified the highest proportion of people who developed a first cardiovascular event (92% and 83%, respectively). In contrast, using a participant completed questionnaire (strategy 4) identified 50% of those who developed a cardiovascular event.
RESULTS
Inviting adults aged 50 or more (strategy 2) did not compromise the sensitivity, specificity, or predictive ability for cardiovascular events, compared with inviting everyone (strategy 1). Strategy 7 also showed comparable sensitivity and specificity, with a similar ability to predict cardiovascular disease compared with strategy 1: area under the receiver operating characteristic curve 0.67 (95% confidence interval 0.65 to 0.68) and 0.67 (0.66 to 0.69), respectively. In contrast, inviting people who are overweight and those at high risk using a participant completed questionnaire (strategies 3 and 4) had significantly lower predictive abilities. Table 4 shows the potential population impact of the different screening strategies and subsequent treatment options. The population attributable fraction was greatest for strategies using age 50 or more and routine data (60% Cambridge risk score) for identifying people at risk, whereas inviting people who were overweight and those at high risk using a participant completed questionnaire (strategies 3 and 4) had the lowest population attributable fractions. When using the Cambridge risk score to rank people before inviting those at high risk for a vascular risk assessment (strategy 5-7), both the population attributable fraction and the number of cardiovascular events that could be prevented in the population increased with the increasing number of people invited. Strategy 1 would prevent the highest number of new cardiovascular events In a sensitivity analysis, when the response rate to the participant completed questionnaire (Finnish diabetes risk score) was 40%, the number of new cardiovascular events that could be prevented was 6724, and when a higher response rate of 80% was achieved, this strategy could prevent 13 449 new cardiovascular events. Using a Finnish diabetes risk score cut-off point of 7 or more (assuming everyone had a history of hyperglycaemia) identified 70% of those who developed cardiovascular disease, and this approach could prevent 21 114 new cardiovascular events. Using a Finnish diabetes risk score cut-off point of 12 or more (equivalent to the situation where nobody had a history of hyperglycaemia) identified only 18% of those who developed cardiovascular disease, and this strategy had the lowest population attributable fraction and number of cardiovascular events that could be prevented in the population; only 7259 new cases could be prevented. The number of new cardiovascular events that could be prevented when attendance rates were changed from 65% to 85% increased from 23 217 to 30 361 cases for the strategy inviting everyone, and from 21 783 to 28 485 cases for the high risk approach using routine data (60% Cambridge risk score). Finally, excluding family history of diabetes, smoking, or body mass index from the Cambridge risk score did not significantly reduce the population impact of the strategies using routine data as a prestratification tool. When no additive effect between interventions was assumed, the number of cardiovascular events prevented for each strategy was reduced, but relative comparisons between strategies using routine data and the strategy of inviting everyone remained unchanged.
DISCUSSION
We estimated the potential population impact of different screening strategies for identifying people at high risk of cardiovascular disease before lifestyle and drug intervention. Compared with the recently recommended programme by the national screening committee, our findings suggest that a similar number of new cardiovascular events could be prevented by using routine data to prestratify people before inviting those at high risk to the more invasive and expensive vascular risk assessment. This approach has the potential to reduce the number of people required to attend their surgery for vascular risk screening, as well as the cost of the screening programme. A similar benefit could also be achieved if vascular risk assessments were limited to adults aged 50 or more.
Strategies using a participant completed questionnaire (Finnish diabetes risk score) or anthropometric measures as prestratification tools seem to have a lesser impact on primary prevention of cardiovascular disease at the population level.
Comparison with other studies Although several studies have examined the impact of a single intervention on prevention of cardiovascular disease, [34] [35] [36] few studies have examined the population impact of integrated multifactorial prevention strategies on reducing the burden of cardiovascular disease.
A modelling study by Gemmell et al estimated the population impact of strategies to prevent coronary heart disease in England using aggregate data. 31 They found that an estimated 4410 cases of coronary heart disease could be prevented each year by lifestyle interventions and 2008 by drug interventions. These numbers are lower than our findings. This might be explained by the individual level data used in our study, which more closely represent real life situations for population cardiovascular risk. Another explanation might be the difference in the definition of outcomes and the relative risk reduction estimates used in each study.
Kahn et al used the Archimedes model to simulate the population impact and cost effectiveness of 11 interventions for cardiovascular disease prevention in the US population, using individual level data from the national health and nutrition education survey. 37 They found that with feasible levels of performance and effectiveness of implementing all prevention interventions together, 36% of myocardial infarctions and 20% of strokes could be prevented over 30 years. However, they did not consider screening procedures to identify those at high risk and to whom interventions should be targeted.
A modelling study by Marshall and Rouse 38 found similar results to our own. They suggest that strategies preselecting patients for risk assessment may reduce staff time and prevent more new cases within available resources, compared with inviting everyone. However, the authors used a hypothetical population, assuming default blood pressure and blood cholesterol values for each individual, and calculated cardiovascular disease risk using the Framingham equations to identify those at high risk who should be invited for cardiovascular risk assessment.
The Department of Health has recently published a report on the simulated population impact of various vascular risk screening programmes. 7 The effects of inviting different age groups and different intervals for repeating vascular checks were modelled, including a strategy to invite those at high risk for a vascular assessment. They report the greatest benefits and cost effectiveness for a strategy in which everyone aged 40-74 was invited for a vascular check every five years compared with other approaches. This contrasts with our findings, which suggest that a strategy inviting adults aged 50-74 or inviting just those identified as high risk using routine data could prevent a similar number of new cardiovascular events.
In the Department of Health report, the authors used cross sectional data from the QRESEARCH database and estimated cardiovascular risk using the QRISK and the Framingham risk score. 6 7 Our study used data from a prospective cohort, which allowed us to use actual rates for cardiovascular disease events. Moreover, not all risk factors for each individual were measured in the QRESEARCH database, so the authors used different datasets to simulate an individual patient's level of risk. Significant data were missing for some risk factors-for example, 72% of patients did not have data for cholesterol levels, and these values were imputed. 6 Another explanation for the difference found between our study and the Department of Health report is our assumption that the offer of screening and subsequent interventions would occur only once. The Department of Health modelled screening and interventions with phased implementation repeated every five or 10 years and considered changes in risk factors and cardiovascular risk over time. 6 7 Strengths and limitations of the study We examined the potential population impact of different screening strategies and prevention interventions for cardiovascular disease in a large population based cohort, using robust cardiovascular disease outcomes over a long period. We used relevant measures of population impact such as the number needed to screen and the number of events that could be prevented in the population. Our modelling was based on actual rates of cardiovascular disease with associated 95% confidence intervals; key assumptions were informed by evidence from meta-analyses of clinical trials and were subject to sensitivity analyses to identify sources of uncertainty and to quantify their contribution to overall uncertainty. However, using a single point estimate (deterministic approach) for rates of uptake, compliance, and relative risk reduction, without accounting for uncertainty of each estimate, limits insight into the range of these intervention related variables and underestimates the true uncertainty of the population impact. An alternative approach would be to use probabilistic risk assessment, which provides greater information on the variability and uncertainty associated with health risk and benefits by simultaneously accounting for the uncertainty of multiple variables. 39 It is unlikely that people at different levels of cardiovascular risk have the same attendance rate. People at high risk are less likely to attend for screening-for example, older men are less likely to attend for screening than younger women. 40 We also assumed an equal risk of cardiovascular mortality in those who did and did not attend for screening, but previous studies have shown that those who do attend have a significantly lower mortality than those who do not attend. 41 42 However, although these assumptions may affect the number of events that could be prevented they are unlikely to alter the main finding that prestratification using routine data is more efficient than inviting all middle aged members of the population for vascular risk assessment.
Additionally, given the modest sensitivity of all the proposed strategies, it is possible that people who are not invited for assessment may be affected by adverse psychological symptoms such as insecurity and anxiety about the chance of developing the disease because they have been excluded from a screening programme. 43 In our model, all interventions were understood to act independently of each other, but in practice the interaction between multiple lifestyle and drug interventions remains unclear. However, sensitivity analysis assuming no additive effect of interventions did not affect the relative performance of each screening strategy. The incidence of cardiovascular disease in many trials used to inform the assumptions for our modelling, particularly trials on lipid lowering, 44 is substantially higher than the risk in our study. As such, the reduction in cardiovascular risk associated with a particular intervention may not be fully achieved in this low risk population. Therefore, the estimates of the number of cardiovascular events that could be prevented might have been overestimated.
Lastly, as participants of EPIC-Norfolk are predominantly white, the generalisability of our findings to other ethnic groups and populations is limited. Ethnicity might be an additional factor on which decisions about how to invite high risk groups may be based.
Conclusions and policy implications
Understanding the balance between the benefits and costs of a screening programme is crucial for public health decision making. A universal screening programme for cardiovascular disease might prevent an important number of new cardiovascular events in a population, but it may be unrealistic to implement in increasingly resource constrained health systems. Policy makers have to decide on the balance between the number of people needed to screen or treat and the number of cases that can be prevented in the population.
Although data on body mass index and waist circumference are relatively inexpensive to collect and are increasingly available in primary care, using these anthropometric data for risk prestratification would fail to prevent many new cardiovascular events.
A strategy using the participant completed questionnaire (Finnish diabetes risk score as an example) as a prestratification tool would also have a relatively low impact on the prevention of cardiovascular disease in a population. As non-responders to cardiovascular risk assessment tend to be less healthy than responders, 41 the real population impact of this approach is likely to be lower than our estimates. The Finnish diabetes risk score questionnaire has not been validated in the UK population and also requires novel data collection.
Compared with the Department of Health recommended screening programme, a similar number of cardiovascular events could be prevented in the UK population with a significantly lower number of adults invited for a vascular risk assessment, through prestratification using routine data. Our sensitivity analysis further suggested that lower attendance rates would result in a narrower gap in benefits between mass screening and stepwise strategies using routine data, which supports the use of routine data as prestratification tools.
It is reassuring that the exclusion of a family history of diabetes, smoking, and body mass index from the Cambridge risk score did not adversely affect the population impact of the strategies incorporating routine data, suggesting that the tool can be used in health systems where data on these variables are not routinely collected. Similarly, the age range invited for screening could be adjusted-for example, from 40-74 years to 50-74 years.
These approaches might reduce the economic costs and the potential psychological harm associated with screening tests. 10 We used the Cambridge diabetes risk score as an example of a simple risk score in a stepwise approach solely for demonstration. Alternative simple versions of existing tools specifically designed to assess cardiovascular risk, such as QRISK, 45 might perform better than a diabetes risk score. However, as with any population based screening strategies based on historical cohort data, the policy would need to be reviewed to keep pace with the changing patterns of risk factors, treatments, and competing risks in the population.
In conclusion, our findings illustrate the potential for using routinely available data for cardiovascular risk stratification before inviting people at high risk to a vascular assessment. Compared with mass screening, this approach may be similarly effective at preventing new cardiovascular events at the population level, with potential cost savings. This approach might also be transferable to resource poor health systems. Although the Finnish diabetes risk score may have a role in identifying people at risk of undiagnosed or incident diabetes, it cannot be recommended for use to identify those at high cardiovascular risk in the United Kingdom. Further research on the cost effectiveness of different stepwise population based screening strategies is needed to inform future public health policy.
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WHAT IS ALREADY KNOWN ON THIS TOPIC
The national screening committee recommends that all adults aged 40-74 who have never been identified through self assessment or record based screening, should be invited for cardiovascular risk assessment People are required to attend their surgery for biochemical testing
The costs and benefits associated with mass screening for cardiovascular disease are unknown
WHAT THIS STUDY ADDS
Compared with the government recommended mass screening strategy, an approach using routinely available data for cardiovascular risk stratification before inviting people at high risk for a vascular risk assessment may be as effective at preventing new cardiovascular events, with potential cost savings Similar benefits could also be achieved if vascular risk assessments were limited to adults aged 50 or more
